Harsh-environment acoustic emission and ultrasonic wave sensing applications often benefit from placing the sensor in a remote and more benign physical location, using waveguides to transmit elastic waves between the structural location under test and the transducer. Waveguides are normally designed with linear properties to have high fidelity over broad frequency ranges to minimize distortion -often difficult to achieve in practice. This paper reports on an examination of using nonlinear ball chain waveguides for the transmission of acoustic emission and ultrasonic waves for the monitoring of thermal protection systems undergoing severe heat loading, such as ablation and similar processes. Experiments test the nonlinear propagation of solitary, harmonic and mixed harmonic elastic waves through a copper tube filled with steel and elastomer balls. Mechanical pulses of varying time widths and amplitudes are launched into one end of the ball chain waveguide and observed at the other end in both time and frequency domains. A nonlinear mechanical model describes the motion of the ball chains. Based on the results of these studies it is anticipated that a nonlinear waveguide will be designed, built and tested as a possible replacement for the high-fidelity waveguides presently being using in an Inductively Coupled Plasma Torch facility for high heat flux thermal protection system testing. The design is intended to accentuate acoustic emission signals of interest, while suppressing other forms elastic wave noise.
INTRODUCTION
Acoustic emission and ultrasonic wave sensing applications can monitor structural conditions. In many of these applications waveguides transmit the vibrations with high fidelity and broad frequency range from points of origin to a remote transducer. One application with largely linear elastodynamic properties arises in testing the condition of structures operating in harsh environments, such as the evaluation of thermal protection systems used in hypersonic spacecraft and aircraft Figure 1 1,2 . An alternative to the linear waveguide is the nonlinear ball chain waveguide 3 . These waveguides transmit elastic waves with shapes, speeds and wavelengths that largely depend on the size and elastic properties of the balls. Such nonlinear ball waveguides have found utility in specialized applications, such as monitoring the curing of fresh concrete. It is possible that these nonlinear waveguides can be used to monitor thermal protection systems experiencing severe heat loading and ablation.
A nonlinear emission signals, while suppressing other elastic wave noise. mechanical model is used to describe the motion of the dimer chains while within a vacuum. Based on the following results it is likely that a nonlinear waveguide will be used in an Inductively Coupled Plasma Torch facility for high heat flux thermal protection system testing. These types of waveguides are designed to accentuate acoustic emissions. Figure 2 shows a generic ball waveguide. The balls are placed in a chain, using a preload to maintain ball between the balls. A dynamic load applied at one end of the ball waveguide converts the input energy into kinetic and elastic energy in the first ball. The elastic and kinetic energy in the first ball transmits to the second ball and then to remaining balls down the chain to act as a waveguide. A lumped spring-mass chain of balls model can describe many of the interactions in this process. Figure 3 shows three balls are joined by springs and connected to a fixture. Each ball has a mass m. Each spring has a stiffness constant k. For illustration purposes, in this particular model, the coefficient k/m is equal to one. The equations of motion for each of the three balls are derived using Newton's second law of motion and Hooke's law:
THEORY OF OPERATION
The solution to this system of equations is calculated with Mathematica software. The initial positions y1 0 , y2 0 , and y3 0 are zero, one, and two centimeters, respectively. The initial velocities y1 ' , y2 ' , and y3 ' are zero, 0.01, and zero. The above simulation assumes that the elastic forces between the balls is linear. Much of the character of a ball waveguide derives from the nonlinear elastic contact forces between the balls.
The theory for nonlinear solitary waves traveling through a ball chain is based upon Hertz's law. This law defines the interaction between two particles with a fractional power law relation as 4 :
F is the compression force experienced between the particles, δ is the least difference between particle centers, a is the diameter of the beads in the chain, is the Poisson's ratio of the beads, and E is the Young's Modulus of their material. The theoretical acceleration experienced at a jth ball center can be calculated with the following model modified for nonlinear Hertzian interactions:
̈( ) is the acceleration of the jth particle at time t; is the mass of the jth particle; Ej is the Young's Modulus of the jth particle center; is the radius of the jth particle; vj is the Poisson's ratio of the jth particle. The acceleration of gravity, frictional losses and other damping are neglected. The following simplification is based upon the fact that the granular material in the waveguide consists of all steel balls:
The mass m j of each of the balls is 0.0163 kg. The loss of mechanical force transmission when the balls lose contact is represented with the following
(10)
The nonlinear contact interaction experienced between the beads is the catalyst for the formation of propagating solitary waves. It has been found in a certain experiment that when the wavelength of the propagating wave is much larger than the particle diameters the speed of the waves depends on the dynamic strain, defined by the dynamic force between the particles 3 .
The velocity of the wave traveling though the ball chain can be approximated as follows
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Where E is the Young's modulus of the particles, a is the diameter of the particles, is the density of the material, is Poisson's ratio of the material, and Fm is the maximum applied contact force between the particles.
The shapes of these waves can be modeled by the following system of equations 3 :
Where x is the axis of wave propagation; represents the shape of the wave within five particle diameters from the origin1. The shape depicted below spans almost exactly 5 balls of 5/8" diameter, Figure 7 . 
The resulting frequency based upon the above equation is 8,798 Hz.
EXPERIMENTS
An experimental test bed was developed to assess the performance of a ball chain waveguide with the ultimate goal being to ascertain and eventually fine tune the capabilities for acoustic emission testing with thermal protection systems. Elastodynamic waves are transmitted through a steel ball waveguide placed between transducers in a test set up; the wave is monitored at two different points using custom fabricated 15.9 mm (5/8 in) diameter balls containing embedded piezoelectric elements, Figure 8 4 . A piezoelectric disc sensor is placed in the center of the six balls inside the copper tube waveguide with an orifice in the wall allowing the signal of the sensor to be measured by a data acquisition unit. A second sensor is fixed within a steel ball and placed at the end of the waveguide, Figure 9 . Liquid tape is used to cover the sensors so they do no break during testing and to seal the second sensor within the steel ball. Upon initial testing, it was determined that the piezoelectric sensors are not sensitive enough to pick up the motion of the piezoelectric transducer and thus a striker ball is used to excite the chain in order to report motion at the sensor locations. The six-ball dimer chain is positioned vertically in a stand and accompanied by a pre-compressional loading ram that provides axial pre-compression. The mean peak voltage of the two sensors from the high-height drop test is greater than the mean peak voltage of the two sensor from the low drop test indicating that the tests where successful. During the test the dropped ball bounces upon the drop site, which is visible in the voltage vs. time plots from both sensors in both trials. The Fourier transforms from both sensors in both trials are all fairly similar with dominant frequency peaks at 50, 120, 220, and 370 Hz.
Sensor one triggers slightly before sensor two; this is unnoticeable in the plots due to the small interval of time between the triggers. The trigger time difference between sensor two and sensor two for the low-height drop test is approximately 0.25 ms. The trigger time difference between sensor two and sensor two for the high-height drop test is approximately 0.1 ms. The wave speeds of the two waves can be calculated with the following equation:
The distance between the two sensors is approximately 3.96 cm. The wave speed of the wave from the low-height drop test is calculated to be approximately 158.5 m/s; the wave speak of the wave from the high-height drop test is 396 m/s. Similarly a pencil lead test is performed upon the six-ball waveguide with only one central sensor. The results appear in Figure 15 . 
CONCLUSION
Steel ball nonlinear waveguide was fabricated for acoustic emissions testing. Steel balls were successfully modified with inline piezoelectric elements to sense elastodynamic wave. The result of pencil lead break tests concern waveguide is sensitive to acoustic emission type waves. This difference between the striker frequency and the above frequency is probably due to the non-linear properties of the waveguide; the above reciprocal is a good approximation of a linear wave's frequency based upon its velocity.
